Abstract. Nickel tailings were deposited between 1978 and 1988 in Falconbridge's New Tailings Area located northeast of Sudbury, Ontario, Canada. In 1996, construction of a new dam and dredging split the site into an Upper Terrace (56 ha) and a Lower Terrace (30 ha) to facilitate flooding. Water covers minimize the oxidation of acid generating tailings but some oxidation and release of metals may still occur. The effectiveness of a water cover could be improved with aquatic plant establishment to control tailings resuspension, remove metals from the water column and develop an organic layer to consume oxygen and support sulphate-reducing bacteria.
Introduction
In mining, when waste rock and tailings containing sulphide minerals (principally pyrite and pyrrhotite) are exposed to air and water a series of chemical and biological oxidation reactions occur. Acidic drainage occurs when the sulphide mineral oxidation products are flushed from the tailings or waste rock by water. Typically acid drainage has a low pH and high concentrations of sulphate, dissolved iron and other metals. If not controlled or treated, acidic drainage can have a significant environmental impact on surface and ground water quality.
Although the essential components of acidic rock drainage generation include oxygen, ferric iron, water and aerobic sulphur bacteria (e.g. Thiobacillus sp.), oxygen remains the most critical factor (Davé, 1992) . The long-term solution to controlling acid rock drainage is to prevent its formation by excluding oxygen from coming into contact with the sulphide materials. Exclusion of oxygen can be achieved through the use of dry covers that act as an oxygen transport barrier by retaining moisture and providing a low diffusion barrier to atmospheric oxygen.
Alternatively, the dry covers can act as an oxygen-consuming barrier that performs as a sink thus reducing the oxygen concentration (SENES, 1994) . In Canada, where feasible, water covers are considered the most effective option for acid rock drainage prevention and long-term storage of acid generating wastes (Yanful and Simms, 1997) .
The placement of tailings in submerged environments has been utilized at various mines in Canada. Historically sulphidic tailings have been deposited into lakes (Robertson et al., 1997) or the marine environment (Horne, 1993) . At new sites, tailings management practices involve the design and construction of tailings impoundments with engineered shallow water cover for subaqueous tailings deposition (Filion et al., 1994; Cole et al., 1997) . Existing tailings impoundments are decommissioned using insitu flooding with constructed containment structures (Yanful and Simms, 1997) .
Even with a water cover, however, there is concern that some oxidation and acid generation could still occur resulting in a deterioration of the water cover quality (Aubé et al., 1995) .
Dissolved oxygen could be transported through the water column to the tailings by diffusion, convection or circulating currents (Li et al., 1997) . Tailings resuspension by wave action exposes sulphide particles to dissolved oxygen in the water column (Yanful and Simms, 1997) .
The establishment of aquatic vegetation on the flooded tailings would improve the effectiveness of the water cover. Along the shoreline, emergent aquatic plants would reduce wave action and shoreline erosion while vegetation root systems would increase the resistance of sediment to erosion. Beds of submerged plants in deeper areas would control tailings resuspension and precipitate suspended solids from the water column. Aquatic plants provide biological treatment by removing metals and nutrients from the water column. With time, an organic layer would develop on tailings as the aquatic plants died and decayed. The decomposition of the organic matter by aerobic bacteria would slow the diffusion of oxygen into the tailings and subsequently decrease acid generation. Metals released from the tailings and in the water column could be removed and retained in the sediment by organic complexation or be precipitated as sulphide complexes through the activities of sulphate-reducing bacteria. In the case of drought, the organic layer would act as a sponge preventing oxygen diffusion onto the tailings surface as water levels dropped within a tailings impoundment. This paper examines the invasion of submerged macrophytes into flooded nickel tailings at Falconbridge's New Tailings Area. The study objectives were to assess the establishment, growth and spread of submerged aquatic plants in the New Tailings Area and identify site conditions, water quality or sediment characteristics affecting aquatic growth.
Site Background
The established, but growth of the other species was limited due to the transplant method or site conditions (Wilkinson et al., 2001) . While evaluating the transplant sandwiches it was observed that submerged aquatic plants had naturally colonized the Lower Terrace and a program to monitor the spread of these species was initiated. In the laboratory, plant samples were washed with distilled water, dead plant material and debris were removed and plants were air-dried. Samples were oven dried at 70 0 C to a consistent weight. Nitrogen in the shoots was determined by the Kjeldahl method. For the other elements, samples were ashed, digested and analyzed using inductive couple plasma atomic emission spectrophotometry (ICP-AES). U.S. National Institute of Standards and Technology certified reference material (peach leaves SMR 1547) was digested with the analytical run.
Methods
Statistical analyses were performed using statistical analysis software SPSS. Data sets were log 10 transformed when required to meet assumptions of normality and homogeneity of variance.
Differences in biomass and shoot nutrients were tested by one-way analysis of variance.
Tukey's multiple range test was used to differentiate means where appropriate. A probability level of <0.05 was used in all comparisons. The relationship between biomass and shoot nutrients was investigated using Pearson correlation coefficients.
Results

Biomass Production
In the transect survey, 121 plots were assessed along five transects. In 1999 (Table 1) . Water depth was less than a meter except at nine plots along Transects 200 and 300 where depths reach 2.25 m (Table 3 ). In water less than one meter deep, biomass production increased at all depths with biomass production peaking at 134.1 g DW/m 2 between 0.51 and 0.75 meters.
Biomass production in water <0.25 m deep increased from 2.8 to 37.6 g DW/m 2 due to Chara (Table 4) Eleocharis aciculari along with Potamogeton pusillus and Chara were observed. Potamogeton richardsonii had been successfully introduced in 1998 and was observed to be spreading in 1999 (Wilkinson et al., 2001) . In 2001, however, Potamogeton pusillus and Chara were the dominant species. Chara is a macroalgea that is anchored to the substrate by rhiziods and forms a highdensity mat that can reach 50 cm in height. The density of the mat produced by Chara inhibits low growing species and even well established patches of Potamogeton richardsonii were lost due to the competition. Potamogeton pusillus produces long stems with thin linear leaves that extend and float near the surface, which allows the plant to successfully compete with Chara for light.
Nutrients
Nutrients essential for submerged aquatic plant growth are absorbed through their leaves in the water column and through their roots in the sediment. Dissolved products of the relatively abundant salts, calcium, magnesium, sodium, potassium and chloride are primarily acquired from the water column. Nitrogen and phosphorus along with micronutrients are primarily acquired from the sediment, as these elements are usually present in low concentrations in the water column (Barko et al. 1991) . The uptake of nutrients, however, will vary depending on site conditions. Under oligotrophic conditions, plants will extract most of the nutrients from the sediment with subsequent transport to the shoots. Under eutrophic conditions, passive or active transport from the water column can result in luxury uptake of nutrients above the levels required to support growth with metals being bioaccumulated to concentrations many times greater than the levels surrounding the plant (Hutchinson 1975 ).
Nitrogen and phosphorus are generally deficient in mine tailings (Williamson et al., 1982) and are often limiting in natural systems (Barko et al. 1991) . Therefore, it was hypothesized that nitrogen and phosphorus deficiencies would restrict aquatic plant growth in the New Tailings Impoundment. In 1999, however, Potamogeton pusillus shoot nitrogen and phosphorus concentrations were 2.18 % and 0.20 % well above the 1.3 % and 0.13 % that are considered the critical concentrations in aquatic plants (Hutchinson, 1975) . In 2001, nitrogen and phosphorus levels had decreased to 1.43 % and 0.12 %. Sytsma and Anderson (1993) indicated that in aquatic plants the nitrogen to phosphorus ratio is typically 7 but in the Lower Terrace the ratio was 12.9 with the higher ratio indicating that phosphorus is the limiting nutrient.
Potamogeton pusillus biomass production, however, was negatively correlated with shoot nitrogen and phosphorus. When the aquatic plants were initially established, biomass production was low, but nitrogen and phosphorus were readily available and luxury uptake occurred. This Barko et al. (1988) observed that in repeat growth studies on the same sediment that nitrogen was depleted from the sediment resulting in growth reduction of Hydrilla.
Fertilizer amendments could be applied to overcome nutrient deficiencies and increase biomass production. Helicopter or aircraft could apply granular fertilizer over the whole Lower
Terrace. This approach was used at Brenda Mine to increase nutrient levels in the tailings pond before aquatic plant transplants were undertaken (St-Germain et al., 1997) . Fertilizer amendments, however, cause algae blooms that would affect the established plants and nutrient discharge from the sites is a concern. Another option would be to use fertilizer spikes inserted into the tailings. Duate and Kalff (1988) showed that the use of 200 gram spikes containing slow release 3-1-1 inserted into lake sediment in June and July increased biomass production on average 2.1 times.
Physical Factors
One of the most important limiting resources for submerged macrophytes is light. Aquatic plants require light for growth and thus the maximum depth of plant growth is regulated by light availability. Chambers and Kalff (1985) Biomass production in the shallow areas (<0.25 m) of the Lower Terrace was lower than the biomass production at other depths due to several factors. In exposed shallow areas, wave action affects aquatic plant establishment, therefore, aquatic plant establishment tends to be higher in sheltered areas (Foote and Kadlec 1988) . In 1999, on the original tailings, aquatic plants initially invaded in the sheltered areas below Dam 12 and the north end of the Lower Terrace. Sediments with a high sand content tend to have low aquatic plant growth due to nutrient deficiencies (Barko et al,. 1991) . The only plots in 2001 without vegetation were either along the shoreline where erosion by storm events and wave action resulted in sediments with a high sand content or were dredged tailings mounds that contained between 86% and 94 % sand. Aquatic plant distribution and productivity is also influenced by water depth. In water <0.25 m Chara was the dominant species with Potamogeton pusillus being present in a single plot but Potamogeton pusillus biomass production increased once water depths reach 0.5 meters. Regular surveys of the New Tailings Pond are required to document the continual development and long-term changes in the aquatic macrophyte community. Growth rates, bioaccumulation of metals, and decomposition rates for the various aquatic plant species on flooded tailings need to be studied. In the sediment layer, research is required on the decomposition rate of organic matter by aerobic bacteria and how effectively metals from the tailings or water column are retained in the sediment layer by organic complexation or precipitated as sulphide complexes through the activities of sulphate-reducing bacteria. This research will help increase the understanding of tailings restoration and wetland development on flooded mine tailings.
Conclusions
